Ovarian steroids increase hypothalamic-pituitary-adrenal (HPA) axis activity and sensitize the hypothalamic-pituitary-ovarian (HPO) axis to stress-induced inhibition. The present study investigated the effect of ovarian steroids on CRH and arginine vasopressin (AVP) messenger RNA (mRNA) levels in the rhesus monkey hypothalamus, as both neuropeptides have been shown to stimulate the HPA axis and inhibit the HPO axis in this species. This was accomplished by measuring CRH and AVP mRNA in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) by in situ hybridization histochemistry. Menstrual cycles were simulated in ovariectomized (OVX) rhesus monkeys by sequential addition and removal of SILASTIC brand (Dow Corning Corp.) tubing containing either 17␤-estradiol (E 2 ) or progesterone (P 4 ). On the morning of day 11 of the simulated follicular phase (E 2 alone) or day 21 of the luteal phase (E 2 ϩ P 4 ), animals were anesthetized, and the brains were perfused with paraformaldehyde via the carotid artery. Coronal sections (30 m) were cut, and mRNA for CRH and AVP in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) were semiquantified by in situ hybridization. CRH mRNA in the PVN of E 2 -replaced OVX animals (n ϭ 7) was 2-fold greater than that in untreated OVX controls (n ϭ 4), whereas CRH mRNA after E 2 ϩ P 4 (n ϭ 4) was no different from that in controls (optical density Ϯ SEM, 0.38 Ϯ 0.06, 0.13 Ϯ 0.08, and 0.14 Ϯ 0.09 for OVX ϩ E 2 , OVX ϩ E 2 ϩ P 4 , and OVX, respectively; P ϭ 0.02). CRH in the SON was undetectable. In contrast to CRH, AVP mRNA in the PVN and the SON was similar in the three treatment groups. We conclude that E 2 and E 2 ϩ P 4 replacement to OVX monkeys exert different effects on CRH and AVP gene expression, as estrogen stimulation of CRH mRNA in the PVN was abrogated by progesterone, whereas no effect of ovarian steroids on AVP mRNA in either the PVN or SON was observed. We postulate that ovarian steroid regulation of CRH synthesis and release may in part explain the central nervous system mechanisms by which ovarian steroids affect the HPA and HPO axes during basal and stress conditions. (Endocrinology 140: [2191][2192][2193][2194][2195][2196][2197][2198] 1999) V ARIOUS components of the hypothalamic-pituitaryadrenal (HPA) axis have been shown to exert inhibitory effects at several levels of the hypothalamic-pituitaryovarian (HPO) axis. These effects include inhibition of LH releasing hormone (LHRH) (1) and LH (LH) (2) by CRH, vasopressin (3), and glucocorticoids (4) and glucocorticoid inhibition of LHRH-induced LH secretion (5). Direct inhibition of gonadal steroid production by CRH and glucocorticoids (6, 7) and ACTH-induced decreased gonadal sensitivity to LH have been reported (8). The HPA axis is, in turn, influenced by the HPO axis. Stress-induced activation of the HPA axis and the sympathetic nervous system are more pronounced in females (9). Melancholic depression and anorexia nervosa, which are associated with hypersecretion of the HPA axis, occur more commonly in women (10). Ovariectomized (OVX) rats primed with 17␤-estradiol (E 2 ), but not those given E 2 and progesterone (P 4 ), had significantly higher plasma ACTH levels immediately after a 20-min restraint stress compared with OVX controls (11).
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It is suggested that ovarian steroids modulate the HPA axis, as some of the gender differences described above can be reduced by estrogen administration to men (12) or ovariectomy in rats (13) . Estrogen may stimulate the HPA axis by an effect predominantly on CRH. Estradiol benzoate treatment increased CRH messenger RNA (mRNA) levels in the paraventricular nucleus (PVN) of OVX female rats (14) . Additionally, both basal and endotoxin-induced CRH and CRH 1 receptor mRNA levels in the PVN were greatest on the morning of proestrus in association with elevated 17␤-estradiol levels (15, 16) . As the CRH gene contains estrogen response elements, these effects of estrogen may result from a direct effect on the CRH gene (17) . However, the literature is not unanimous in its support of a stimulatory effect of estrogen on CRH. Although ovariectomy decreased the hypothalamic CRH content, this effect was not reversed by E 2 replacement (18). Paulmyer-Lacroix et al. (19) . observed decreased CRH mRNA levels in the PVN after implantation of E 2 capsules to OVX rats, whereas administration of ovarian steroids did not significantly affect CRH mRNA levels in the PVN of OVX ewes (20) . Estrogen also has been reported to decrease CRH synthesis in the hypothalamus of the rat (21) .
Because arginine vasopressin (AVP) synergizes with CRH to release ACTH from the anterior pituitary (22) , ovarian steroids may influence HPA axis activity through an effect on AVP. The majority of studies suggest a positive effect of estrogen on AVP. Serum AVP levels paralleled estrogen levels during the rat estrous cycle and the human menstrual cycle (23, 24) and were decreased in OVX rats (25) . At the level of the hypothalamus, a significant increase in AVP content was reported in the PVN at proestrus (26) and after an injection of estradiol-benzoate to OVX rats (14) . In vitro studies demonstrated that E 2 increased hypothalamic AVP release (27) .
There is a growing body of evidence that ovarian steroids sensitize the HPO axis to the inhibitory effect of stress. Hypoglycemia-induced LH inhibition is more pronounced in ovary-intact rhesus monkeys than in OVX monkeys (28, 29) . Fasting-induced suppression of LH secretion is observed in OVX rats only after estrogen priming (30) . In the absence of ovarian steroid priming, the LHRH pulse generator, as measured by multiunit electrical activity and pulsatile LH secretion, is not compromised in monkeys that are restrained in primate chairs, but is reduced after ovarian steroid replacement (31, 32) .
We postulate that the mechanisms by which ovarian steroids modulate HPO axis responsiveness to stress may involve ovarian steroid modulation of CRH and AVP. This is supported by studies that report that both peptides increase during stress and inhibit LH secretion (33) (34) (35) . In an attempt to clarify the effect of ovarian steroids on the HPA axis, as it may, in turn, influence the HPO axis of the primate, CRH and vasopressin mRNA levels were semiquantified by in situ hybridization in OVX rhesus monkeys after an ovarian steroid replacement regimen that mimicked the menstrual cycle.
Materials and Methods

Animal husbandry
This study was conducted in 15 adult female rhesus monkeys (Macaca mulatta) that were 7-15 yr old and weighed between 4.7-8.9 kg. All animals were OVX at least 1 month before this study. Animals were individually housed in a light (lights on, 0600 -1800 h)-and temperature (21-23 C)-controlled room. Their diet consisted of water ad libitum and twice daily rations of monkey chow supplemented with fruits and vegetables. All husbandry practices and experimental procedures conformed to the guidelines of the Canadian Council on Animal Care and were approved by the Queen's University animal use committee.
Menstrual cycle simulation
The menstrual cycle was simulated by the addition and removal of E 2 (Sigma Chemical Co., St. Louis, MO) and P 4 (Sigma Chemical Co.)-filled SILASTIC brand capsules (Dow Corning Corp., Midland, MI). E 2 or P 4 was packed into 5-cm (E 2 ) or 6-cm (P 4 ) SILASTIC tubing (id, 3.3 mm; od, 4.6 mm), which was sealed at both ends with a 1-cm elastomer plug (Dow Corning Corp.). Before implantation, E 2 and P 4 capsules were incubated separately for 12 h in PBS to avoid an initial surge of steroid due to the accumulation within the SILASTIC wall.
Monkeys were immobilized on the day of implantation with an i.m. injection of ketamine HCl (5-10 mg/kg; Rogarsetic, Rogar/STB, Montréal, Québec, Canada) and were sedated with an iv infusion of a ketamine (100 mg/ml) and valium (5 mg/ml) solution (1:1 volume ratio; 0.15 ml/kg). A 2-cm incision was made between the scalpula, and one E 2 capsule was placed sc (day 1). On the 11th day, two additional E 2 capsules were added to produce an exponential rise in estrogen during the next 48 h that mimics the preovulatory estradiol surge. On day 16, two P 4 capsules were inserted, and one of the E 2 capsules was removed to simulate E 2 and P 4 levels typical of the luteal phase. All capsules, except one E 2 capsule, were removed on day 28, completing the first simulated menstrual cycle. Blood was collected each time a capsule was added or removed. All experiments were performed either on day 10/11 (midfollicular; n ϭ 7) or day 21/22 (midluteal; n ϭ 4) of the second or third simulated menstrual cycle. OVX animals without ovarian steroid replacement served as controls (n ϭ 4). The untreated OVX monkeys were not subjected to sham procedures because there was a significant time period between steroid manipulations and perfusion (5 days in the case of luteal phase perfusions and 11 days in the case of follicular perfusions).
Perfusion
Animals were lightly sedated with ketamine and placed in primate restraint chairs between 1400 -1600 h. An angiocatheter was inserted into a femoral vein, and the animals were left undisturbed in the chair overnight. All animals had been acclimated to the chair and were paired with another animal during the above procedure. Animals were rapidly anesthetized with a solution of Saffan (Pittman-Moore, Middlesex, UK; 1.2 mg/kg) and ketamine (10 mg/kg; 1:1, vol/vol) between 1000 -1100 h on the next day. Both right and left carotid arteries were cannulated, and the brain was perfused with 100 ml PBS (4 C) followed by 4% paraformaldehyde with 0.1 m borax (pH 9.5) at a rate of 10 ml/kg⅐min for 20 min. Approximately 15 min elapsed between induction of anesthesia and initiating perfusion.
In situ hybridization histochemistry
The brain was removed from the skull and postfixed in 300 ml 4% paraformadehyde and 0.1 m borax buffer at 4 C. Brains were transferred to 4% paraformaldehyde-borax buffer containing 10% sucrose at 4 C for 48 h before sectioning. Thirty-micron coronal sections were cut from the olfactory bulb to the caudal medulla. The slices were placed in cryoprotectant [0.05 M sodium phosphate buffer (pH 7.3), 30% ethylene glycol, and 20% glycerol] and stored at Ϫ20 C until mounted.
Hybridization histochemical localization of each transcript was carried out in a one in six series (every sixth section) of slices from regions encompassing the supraoptic nucleus (SON) and the PVN. Slices were mounted onto gelatin-and poly-l-lysine-treated slides and dried overnight. All prehybridization solutions were treated with diethylpyrocarbonate (DEPC) and autoclaved to eliminate ribonuclease (RNase) activity. Tissue sections were then fixed for 20 min in 4% paraformaldehyde solution, incubated in potassium PBS for 10 min, and digested by proteinase K (10.0 g/ml dissolved in 100 mm Tris-HCl, pH 8.0, and 50 mm EDTA, pH 8.0) at 37 C for 25 min. Slices were then rinsed with sterile DEPC-treated water followed by triethanolamine (100 mm, pH 8.0) and acetylated for 10 min in 0.25% acetic anhydride in 100 mm triethanolamine. Thereafter, tissue slices were washed for 5 min in standard saline citrate (2 ϫ SSC) and dehydrated in 50%, 70%, 95%, and 100% ethanol.
Protocols for riboprobe synthesis and hybridization of mRNA were adapted from the report by Simmons et al. (36) . After vacuum drying for at least 2 h, brain slices were spotted with 130 l 35 S-labeled complementary RNA (cRNA) probes [10 7 cpm/ml], coverslipped, and incubated at 60 C on a slide warmer for 12-36 h depending on the probe. Coverslips were removed, and the tissues were rinsed in 4 ϫ SSC, followed by digestion with RNase A (20 g/ml, 37 C, 30 min) in RNase buffer (0.5 m NaCl, 10 mm Tris-HCl, and 0.5 mm EDTA). Tissues were then rinsed in descending concentrations of SSC and dithiothreitol (DTT; 2, 1, and 0.5 ϫ), followed by 0.1 ϫ SSC for 30 min at 60 C, and dehydrated in ascending concentrations of ethanol (50%, 70%, 95%, and 100%). After being vacuum dried for at least 2 h, sections were exposed at 4 C on Biomax MR x-ray film (Eastman Kodak Co., Rochester, NY) for 12-84 h, depending on the probe. Some slides were then defatted in xylene, dipped in NTB2 nuclear emulsion (Eastman Kodak Co.; diluted 1:1 with distilled water), and exposed for 14 days at 4 C before being developed in D19 developer (Eastman Kodak Co.) for 3.5 min at 14 -15 C and fixed in rapid fixer (Eastman Kodak Co.) for 5 min. Thereafter, tissues were rinsed in running distilled water for 1-2 h, counterstained with thionine (0.25%), dehydrated through graded concentrations of alcohol, cleared in xylene, and coverslipped with DPX.
All tissues were processed in two CRH and two AVP in situ hybrid-ization assays. Groups were evenly represented in the two assays as a precaution against interassay variation. In addition, each x-ray film contained sections from all three treatment groups so as to protect against potential intraassay variation due to processing, exposure, and development.
cRNA probe synthesis and preparation
The CRH antisense riboprobe was generated from the EcoRI fragment of CRF complementary DNA (1.2 kb; Dr. K. Mayo, Northwestern University, IL), subcloned into pGEM4 plasmid, and linearized with HindIII. The AVP complementary DNA (230 bp) was generated from an SmaIPstI fragment, subcloned into a pSP65 plasmid, and linearized with HindIII (Dr. D. Richter, Universitat Hamburg, Hamburg, Germany).
Radioactive cRNA copies were synthesized by incubating 250 ng linearized plasmid in 6 mm MgCl 2 , 40 mm Tris (pH 7.9), 2 mm spermidine, 10 mm NaCl, 10 mm DTT, 0.2 mm ATP/GTP/CTP, 200 Ci [␣- 35 S]UTP (DuPont NEN, Boston, MA; NEG 039H), 40 U RNAsin (Promega Corp., Madison, WI), and 20 U SP6 RNA polymerase for 60 min at 37 C. After the transcription reaction, the DNA template was removed by adding 100 l deoxyribonuclease solution [1 l deoxyribonuclease, 2.5 l transfer RNA (tRNA), 10 mg/ml 94 l 10 mm Tris-10 mm MgCl 2 , and 2.5 l DEPC-treated water] and incubated at room temperature for 10 min. An extraction was then performed with 100 l phenol-chloroform (1:1, vol/vol), and the probes were precipitated with 80 l ammonium acetate (5 m; pH 5.5) and 500 l 100% ethanol for 20 min on dry ice. After centrifugation, the pellet was dried and resuspended in 100 l 10 mm Tris-1 mm EDTA (pH 8.0), counted, and then stored at Ϫ20 C. On the day of the hybridization, the probe was diluted to 10 7 cpm/ml hybridization solution [1 ml ϭ 500 l formamide, 60 l 5 m NaCl, 10 l 
Quantitative analysis
The hybridization signal intensity of CRH and AVP mRNA was semiquantified for the PVN and SON (AVP mRNA only) for each animal from the x-ray films. Anatomically matched sections (one or two slices per animal for CRH and AVP mRNA in the PVN and two to four slices per animal for AVP mRNA in the SON) were bilaterally digitized for a total of 192 observations (PVN CRH mRNA, n ϭ 60; PVN AVP mRNA, n ϭ 44; SON AVP mRNA, n ϭ 88). Transmittance values [referred to here as optical density (OD)] of the hybridization signals were measured under a Northern Light Desktop Illuminator (Imaging Research, Inc., St, Catharines, ON) using a Sony Camera Video System attached to a MicroNikkor 55 mm-Vivitar extension tube set for a Nikon lens (Nikon, Melville, NY) and coupled to a Macintosh computer (Power Macintosh 7100/66) and NIH software version 1.59/ppc (written by W. Rasband at the U.S. NIH and available from the Internet by anonymous ftp from zippy.nih.gov). OD values for each pixel were calculated using a known standard of intensity and distance measurements from a logarithmic specter adapted from Bioimage Visage 110s (Millipore Corp., Ann Arbor, MI). The wedge was calibrated before correcting for film saturation, which was determined by sampling the darkest PVNs and adjusting the light source and exposure time. Samples were evaluated within the linear OD curve to avoid pixel saturation and underestimation. The PVN and SON were digitized and subjected to densitometric analysis, yielding measurements of the mean density per area. The OD of the PVN and SON was then corrected for the average background signal by subtracting the OD of areas without positive signal located immediately outside the digitized nuclei.
Blood collection
Blood samples (2 ml) were collected whenever E 2 -or P 4 -filled SI-LASTIC capsules were added or removed and at the time of perfusion. Samples were left overnight to clot at 4 C before centrifugation for 15 min at 1500 ϫ g. Serum was separated and stored at Ϫ20 C until assayed.
RIA
RIAs for E 2 and P 4 were performed to confirm that the steroid replacement regimen simulated physiological ovarian steroid concentrations found during the follicular and luteal phase of the menstrual cycle. Estrogen and P 4 levels were measured in duplicate using assay kits (Diagnostic Products Corp., Los Angeles, CA). The assay sensitivity for E 2 was 1.4 pg/ml, and that for P 4 was 0.02 ng/ml. The intraassay coefficients of variation for E 2 and P 4 were 5% and 3.8%, respectively, and the interassay coefficients of variation for E 2 and P 4 were 4.9% and 5.1%, respectively.
Data analysis
The data are expressed as the mean Ϯ sem and were analyzed by a one-way ANOVA followed by Tukey's protected post-hoc test using GB-Stat version 5.01 (Dynamic Microsystems, Inc., Silver Spring, MD).
Results
RIA
Serum E 2 and P 4 levels achieved by the steroid replacement regimen are shown in Table 1 . The mean E 2 levels achieved during the simulated follicular, midcycle, and luteal phases were 37.2 Ϯ 3.1, 145.6 Ϯ 9.7, and 93.6 Ϯ 10.3 pg/ml, respectively, whereas P 4 levels were 2.6 Ϯ 0.4, 2.5 Ϯ 0.7, and 13.1 Ϯ 1.3 ng/ml. These values are similar to those reported for E 2 and P 4 during a natural menstrual cycle (37) . Similar E 2 and P 4 levels were seen at the time of perfusion with the exception that E 2 levels in the luteal phase were approximately half the levels achieved in preceding simulated luteal phases. E 2 and P 4 levels in untreated OVX animals at the time of perfusion were undetectable (Ͻ1.4 pg/ml) and 2.15 ng/ml, respectively. We conclude from these results that the steroid replacement regimen achieved physiological concentrations of both steroids in OVX monkeys CRH mRNA CRH mRNA was detectable in the PVN, but not in the SON (Fig. 1A) . Ovarian steroid priming had a significant effect on CRH mRNA signal intensity in the PVN of the nonhuman primate (F ϭ 6.1; P ϭ 0.018). CRH mRNA levels in the OVX ϩ E 2 animals were 2-fold higher than those in OVX animals (0.38 Ϯ 0.06 vs. 0.14 Ϯ 0.09, respectively; P Ͻ 0.05). In contrast, CRH mRNA levels in OVX ϩ E 2 ϩ P 4 animals were not different from those in OVX controls (0.13 Ϯ 0.08 vs. 0.14 Ϯ 0.09).
AVP mRNA
AVP mRNA was detectable in both the PVN and the SON (Fig. 2A) . No significant effect of ovarian steroid priming on AVP mRNA levels in the PVN was observed. The relative ODs of AVP in the PVN of OVX, OVX ϩ E 2 , and OVX ϩ E 2 ϩ P 4 groups were 0.25 Ϯ 0.03, 0.24 Ϯ 0.03, and 0.175 Ϯ 0.04, respectively (F ϭ 1.26; P ϭ 0.33). The signal for AVP mRNA transcript in the SON was more abundant than that in the PVN. No effect of ovarian steroid priming was found. The relative ODs in the OVX, OVX ϩ E 2 , and OVX ϩ E 2 ϩ P 4 groups were 1.2 Ϯ 0.16, 1.2 Ϯ 0.13, and 1.2 Ϯ 0.14 (F ϭ 0.19; P ϭ 0.83).
Discussion
CRH mRNA levels in the PVN of OVX monkeys sequentially primed with E 2 and P 4 to simulate the menstrual cycle were significantly higher in the follicular phase compared with CRH mRNA levels in either the luteal phase or in the absence of any steroid priming. In contrast, AVP mRNA levels in the PVN and SON were unaffected by the ovarian steroid milieu. These effects of ovarian steroids on CRH mRNA in the monkey are in agreement with the findings of several studies conducted in rats. CRH mRNA in the PVN was significantly elevated on proestrous afternoon before the time of the LH surge (15). This increase was followed by a pronounced decline in CRH mRNA at the expected time of the LH surge. A similar effect of the estrous cycle on the number of immunoreactive CRH neurons in the PVN expressing the c-fos gene was reported (38) . Furthermore, an increase in CRH heteronuclear RNA and c-fos mRNA in the PVN in response to an endotoxin challenge was more pronounced on proestrus compared with diestrus (38) . CRH receptor mRNA 1 , which appears to be positively regulated by CRH, was increased in the PVN of rats after immobilization stress to a greater extent on the morning of proestrus compared with diestrous day 2 (16). Increased CRH production in acetylcholine-stimulated hypothalamic slices in the presence of E 2 has been reported (39) . Because our studies were conducted in monkeys seated in primate chairs, a condition that activates the HPA axis, the observed effects of ovarian steroids may reflect changes in CRH mRNA transcript in response to a challenge, and in that sense are in agreement with the above studies that used immobilization or an endotoxin challenge. To our knowledge, this is the first report that examines the potential effects of ovarian steroids on gene expression of CRH and AVP in the nonhuman primate.
However, not all studies support a positive effect of E 2 on CRH. Paulmyer-Lacroix et al. (19) observed decreased CRH mRNA levels in the PVN after implantation of E 2 capsules to OVX rats, whereas the administration of ovarian steroids to OVX ewes or OVX/adrenalectomized rats did not significantly affect CRH mRNA levels in the PVN (20, 40) . Differences in the above results may be attributable to species, sex, and length of steroid treatment, as each of these potentially confounding variables may influence glucocorticoid secretion and glucocorticoid feedback on the central nervous system (40) .
AVP mRNA in either the PVN or SON was unaffected by the different ovarian steroid priming conditions employed in the present study. This finding agrees with a study conducted by Van Tol et al. (41) , who reported that AVP mRNA in the SON did not vary across the estrous cycle. Similarly, Nappi et al. reported that AVP heteronuclear RNA in the parvocellular PVN in response to an endotoxin challenge was not influenced by the estrous cycle (38) .
The present results may provide insight into the mechanism of increased sensitivity of the LHRH-LH axis to the inhibitory effects of stress during the estrogen-dominated phases of the cycle. We postulate that estrogen-stimulated CRH gene transcription increases CRH synthesis and leads to increased CRH release with stress onset. Increased CRH release may mechanistically explain why stress-induced inhibition of LHRH/LH secretion occurs more readily in the presence of estrogen priming (30, 32) . It is particularly interesting to note that restraint-induced inhibition of LH secretion occurred in the follicular phase, but not the luteal phase, of the nonhuman primate menstrual cycle (42) , and that multiunit activity of the LHRH pulse generator in OVX monkeys was impeded by chair restraint only in the presence of estrogen priming (31) . Thus, the LHRH/LH response to restraint correlates with the CRH mRNA response to ovarian steroids that we observed, as CRH mRNA levels in the PVN of OVX monkeys were increased during the simulated follicular phase, but not in the simulated luteal phase. The observation that stress-induced inhibition of LH secretion in male rats was not blocked by lesions of the PVN suggests that CRH neurons in the PVN are not the sole mediators of stressinduced inhibition of the LHRH-LH axis (43) . Ongoing studies in our laboratory are examining the effects of ovarian steroids on CRH, vasopressin, and POMC gene expression in hypothalamic and extrahypothalamic areas.
Ovarian steroid regulation of CRH gene expression may be an elementary component to ovarian modulation of HPA axis activity. Although the literature consistently indicates that ovarian steroids positively affect ACTH/corticosterone secretion in rodents, the literature is less consistent regarding the influence of the menstrual cycle on HPA axis activity. However, a definitive study by Smith and Norman indicates that, like the rodent, the amplitude of HPA axis activity is positively regulated by the ovaries and specifically by estrogen (44, 45) . We have demonstrated that the ovarian steroid regimen used in the current study increases basal cortisol secretion. However, this difference in cortisol associated with steroid priming is lost when monkeys are restrained in primate chairs (46) . Indeed, cortisol levels at the time of perfusion were the same in the three treatment groups (data not shown). Animals were chaired and catheterized in the current study to avoid the stress associated with protracted ketamine immobilization, which was shown to increase AVP levels in hypophyseal portal blood of sheep (47) . Therefore, although CRH mRNA levels did not correlate with cortisol levels at the time of perfusion, the estrogen-induced increase in CRH mRNA does correspond with estrogen-induced cortisol secretion, which we and others have documented in the nonhuman primate under basal conditions. The decline in CRH mRNA seen with E 2 ϩ P 4 priming does not correspond to cortisol secretion in the primate. However, it has been shown in the rat that the ACTH response to immobilization stress is enhanced by estrogen, whereas P 4 in combination with estrogen blocked estrogen-induced sensitization of the ACTH response to immobilization (11) . Although an effect on the corticotroph cannot be ruled out, inhibition of CRH synthesis and release by P 4 is plausible and supported by the current results.
Steroid receptors function as ligand-induced transcription factors and bind to hormone response elements usually located in the 5Ј-flanking region of the respective gene. Localization of response elements and receptors within a neuron are suggestive of a direct effect of steroid hormones on gene expression in that particular cell. The 5Ј-flanking region of the CRH gene contains estrogen-responsive elements and would therefore allow for a direct effect of estrogen on CRH gene transcription (48) . In situ hybridization measurement of estrogen receptor (ER) mRNA indicated that the PVN expressed high levels of ER␤ in contrast to low expression of ER␣ (49) . However, although ER␤ colocalized with 60 -80% of magnocellular CRH neurons, only 5% of neuroendocrine CRH neurons contained mRNA for ER␤.
The decrease in CRH mRNA observed in the simulated luteal phase may be another example of P 4 antagonism of E 2 . An antagonistic effect of P 4 has been documented in the brain, uterus, and MC-7 cells and may result from inhibition of the expression of ER or molecular actions of ER (50, 51) . P 4 receptors and P 4 receptor mRNA are localized in the PVN, ventral medial nucleus (VMN) and arcuate nucleus of the rhesus monkey (51, 52) . P 4 significantly reduced the number of ER-positive cells in the PVN and VMN of estrogen-primed OVX rhesus monkeys as well as ER mRNA in the VMN, but not the PVN. We also have considered the possibility that the decreased CRH mRNA signal observed in the OVX ϩ E 2 ϩ P 4 animals may result from P 4 binding to the glucocorticoid receptor. P 4 binding to the glucocorticoid receptor could mimic cortisol-negative feedback on CRH synthesis (53) .
We have considered the hypothesis that E 2 and P 4 exerts their effects on CRH via ␤-endorphin. ␤-Endorphin-containing neurons in the arcuate nucleus concentrate both E 2 and P 4 and contain a significant level of mRNA for both receptors (54, 55) . Ovariectomy increased POMC mRNA in the arcuate nucleus of rats, whereas estrogen reversed this effect (56 -58) . As opiates may inhibit CRH (59), perhaps as a form of negative feedback in response to CRH stimulation of ␤-endorphin, it follows that estrogen-induced inhibition of POMC could increase CRH gene expression. P 4 antagonism of ERs (specifically on POMC neurons) in the arcuate would block estrogen stimulation of CRH gene expression. P 4 produced a biphasic effect on POMC levels in OVX estrogen-primed rats. P 4 caused an initial decrease in POMC mRNA, which correlated temporally with the onset of the LH surge, followed by a significant increase in POMC (60) . A similar biphasic pattern of POMC mRNA was observed on proestrus (61) . P 4 stimulation of POMC neurons in the primate is supported by portal blood measurements of ␤-endorphin, which are elevated in the luteal phase and in OVX monkeys primed with both estrogen and P 4 (62) .
Ovarian steroids may affect CRH gene expression through extrahypothalamic afferent inputs to the PVN. The PVN is innervated by many regions, including the brain stem, the amygdala, and the bed nucleus of the stria terminalis (49, 63, 64) . Each of these areas is rich in estrogen and P 4 receptors (65, 66) and is associated with catecholamine neurons, which are known to regulate both the HPA and HPO axes. A link between catecholamines, CRH, and estrogen is supported by the observations that fasting-induced suppression of LH secretion in estrogen-primed (but not unprimed) OVX rat was blocked by a CRH antagonist or by pretreatment with ␣ 2 -antagonists (67, 68) .
Although our observations were limited to CRH gene expression in the PVN, extrahypothalamic CRH systems may be similarly affected by ovarian steroids. CRH appears to subserve a multitude of functions, ranging from its neuroendocrine regulation of adrenal, gonadal, and immune function to behavior, cognition, and memory. Therefore, modulation of CRH gene expression by ovarian steroids has the potential of producing wide ranging effects.
